Fresh vegetables, such as paprika, cucumber, and cabbage, were gamma-irradiated at 0, 2, and 5 kGy. Different pretreatments and selection of samples were compared to obtain improved electron spin resonance spectral features resulting in better detection of irradiation status. The non-irradiated samples exhibited a single central signal at about g 0 = 2.007), whose intensity showed a significant increase upon irradiation. However, the irradiation also produced the typical electron spin resonance spectra of the radiation-specific cellulose radicals showing two side peaks (g 1 = 2.023 and g 2 = 1.986) 
INTRODUCTION
Fresh food commodities normally have a very limited post-harvest life. Enzymatic activity, insect pest infestation, and high initial microbial load are the main constraints requiring sophisticated technology for their safe and effective marketing around the globe. Food irradiation can help to provide safe and healthy food with minimal compromise of the key quality attributes. [1−3] The nutritional safety of irradiated food was well scrutinized by well-known health authorities (International Atomic Energy Agency [IAEA], Codex Alimentarius Commission [Codex] , and World Health Organization [WHO]), and recommended that food irradiation up to any dose to achieve technological benefit is safe for humans. On the other hand, there is still confusion about the acceptance of irradiation technology as a general method of food preservation. [4] To ensure the consumer's right of choice and related law enforcement, reliable and effective identification methods are important for the general acceptability of irradiated food in the international market. Different scientists have presented a range of techniques for identifying irradiated samples. To date, however, there are no potential techniques that could characterize all types of food samples according to their irradiation history. [5] Irradiation can generate free radicals in the food matrix that are usually very shortlived and general in nature. However, samples containing bone, crystalline sugar, and cellulose can retain free radicals with stability comparable to the shelf life of food products. These samples provide well characterized electron spin resonance (ESR) spectra, which might be used for identification purposes owing to its specificity. ESR analysis is a nondestructive identification technique requiring a very small sample size. Different scientists reported the effectiveness of ESR spectroscopy in irradiated food of a plant origin targeting cellulose radicals. [6, 7] The irradiation of food containing cellulose produces two peaks (g = 2.020 and g = 1.985) with a mutual distance of approximately 6 mT in the ESR spectrum. ESR technique can be applied easily to dried food materials without any laborious pretreatment. [8−11] Nevertheless, ESR analysis is sensitive to the water contents in the sample and is difficult to be applied to food materials with high moisture contents. [12] Tabner and Tabner [13] first observed stable radiation-specific free radicals in the flesh of irradiated citrus by ESR technique after drying the sample on filter paper at room temperature. Later, many attempts have been made to obtain improved results by freeze-drying, [14] alcoholicextraction, [15, 16] oven-drying, [17] or other techniques. [14,18−20] These methods have some inherent advantages and limitations considering the cost, simplicity, time, and effect on ESR spectral features. [12, 16] In the present study, different parts of the vegetables were used as samples to check their ESR response following irradiation. Different drying pretreatments were conducted to effectively characterize the irradiated samples according to their irradiation history. The results are discussed with particular focus on the improved ESR-based detection of irradiated fresh vegetables.
MATERIALS AND METHODS

Samples and Irradiation
Fresh vegetables, such as paprika, cucumber, and cabbage packed in polyvinylchloride (PVC) film, were purchased from a local market in Daegu, South Korea, and stored in a refrigerator at 5 • C. The samples were gamma-irradiated (0, 2, and 5 kGy at a dose rate of 2.1 kGy/h) at room temperature using a Co-60 gamma-ray source (AECL, IR-79, MDS Nordion International Co. Ltd., Ottawa, ON, Canada) at the Korean Atomic Energy Research Institute (KAERI) in Jeongeup, Korea. The absorbed doses were confirmed using alanine dosimeters with a diameter of 5 mm (Bruker Instruments, Rheinstetten, Germany). The free-radical signals were measured using a Bruker EMS 104 EPR analyzer (Bruker Instruments).
ESR Spectroscopy
In order to investigate the radiation-induced free radicals in the fresh vegetable samples, three different sample pretreatments were conducted to decrease their moisture content before the ESR measurements: i. FD: freeze-drying (Bondiro, Ilsin Bio Base, Yangju, Kyunggido, Korea) of the samples. [14] ii. AD: alcoholic extraction of the samples, as described by de Jesus et al. [15] iii. WAD: washing of the finely chopped sample for 20 min with distilled water using a nylon sieve (150 mm). The leftover residues were used after alcoholic extraction as described above.
The sample (approximately 0.1 g after the pretreatments) was placed in a quartz ESR tube (5 mm diameter) . The open end of the sample tube was then sealed with plastic film. ESR was performed in accordance with the European standard EN 1787 [21] using the X-band ESR spectrometer (JES-TE200, Jeol Co., Tokyo, Japan) at room temperature. The ESR signal height was computed using ESPRIT-425 software (Jeol Co.) as the peak-to-peak amplitude of the first derivative spectrum, whereas the signal intensity was presented as arbitrary units per unit sample weight (AU/mg). Table 1 lists the instrumental conditions. All analyses were conducted in triplicate (n = 3), and the mean values (± standard deviation) are reported. Microsoft excel (Microsoft Office, 2007 version) and Origin (version 8) software were used for data analysis and presentation.
RESULTS AND DISCUSSION
Spectral Features of the Non-Irradiated Samples
A single central signal (g 0 = 2.007) was observed in all nonirradiated samples, irrespective of the part used for the analysis and pretreatment technique. Similar ESR signals due to organic radicals [21] from different foods of plant origins were also reported. [6] [7] [8] 10, 13] Mainly, semiquinone radicals, which are produced by the oxidation of polyphenolic compounds in the plant matrix, are considered responsible for these results. [22, 23] There was a significant difference in the intensities of the signals from different parts of the same vegetable, where the effect of different sample pretreatments was also prominent.
Spectral Features of Irradiated Samples
Upon irradiation, two side peaks (at about g 1 = 2.023 and g 2 = 1.986) emerged that were most prominent in all 5 kGy-irradiated samples. Alcoholic extraction and freeze drying were found to be the most effective techniques for obtaining clear radiationinduced side peaks. The inclusion of a water washing step after alcoholic extraction did not show any significant improvement in the detection of radiation-induced ESR signals. The effect of the different sample pretreatments was more pronounced (Figs. 1-4) in the 5 kGy-irradiated samples. The radiation-induced side peaks showed mutual spacing of approximately 6 mT ( Fig. 1) , where the main signal also showed an increase in intensity after irradiation. These specific signals were associated with radicals generated by irradiation in cellulose-containing foods. [24] Deighton et al. [25] attributed the Table 1 ESR signal information from irradiated and non-irradiated paprika samples with different drying pretreatment.
g-Value
Part Dose (kGy) Treatment FD: freeze-drying; AD: alcoholic extraction; WAD: water-washing and alcoholic extraction; g value (g 1 = left, g 0 = central, g 2 = right): 71.448 × microwave (GHz)/magnetic field (mT).
* ESR signal not detected.
left side peak due to radiation induced-cellulose radicals, whereas the lignin radicals were responsible for the right side peak. The right peak signal was found to be sensitive to irradiation and heat processing. [26] Tables 1-3 show that the distance (g 1 -g 2 = 5.544-6.379) and g values (g 1 = 2.01429-2.02715 and g 2 = 1.98406-1.98761) of the two side peaks did not vary considerably with the samples and pretreatments. These results are in good agreement with those reported by de Jesus et al. [15] on irradiated fruit pulp samples. The ESR response also differed according to the part of the vegetables used in the ESR analysis, where the flesh part provided clear results for paprika ( Fig. 2 ) and cucumber ( Fig. 3 ). In the case of leafy vegetable (cabbage; Fig. 4 ), the leaf stem provided better FD: freeze-drying; AD: alcoholic extraction; WAD; water-washing and alcoholic extraction; g value (g 1 = left, g 0 = central, g 2 = right): 71.448 × microwave (GHz)/magnetic field (mT). results than reported in other studies. de Jesus et al. [15] reported that radiation-induced ESR signals in the pulp of the fruits are stable enough to characterize the irradiation history of the samples. The variation in ESR response of different parts of the same vegetable after irradiation might be due to the change in chemical composition of the samples and the results were similar to those provided by Jo and Kwon for kiwifruits. [17] The AD treatment provided an overall better result when the signals from the same part were compared after the different treatments. The intensities of the side peaks in comparison to the main signal (signal ratio) showed significant differences depending upon part of the vegetable used for the ESR analysis and sample pretreatments (Tables 4-6 ). In the case of paprika and cucumber flesh samples and cabbage stem sample, the central signal showed the highest intensity (compared to side signals) in FD-treated samples affecting the clarity of side signals, where the improved signal ratio was provided in AD-treated samples. The improved ESR results due to removal of moisture and alcohol soluble substances were also reported by Delincée and Soika. [16] The intensities of radiation-specific side signals with respect to the main signal are important for easy detectionability of radiation treatment and were reported to be approximately 5% of irradiated Foeniculi fructus and 50% in irradiated citrus fruits compared to the total intensity of the central signal. [13, 27] The specificity of radiation-induced two side peak signals, with respect to radical signals induced by other processing treatments, was also confirmed by Bhat and Sridhar [28] in locust seed samples. FD: freeze-drying; AD: alcoholic extraction; WAD: water-washing and alcoholic extraction; g value (g 1 = left, g 0 = central, g 2 = right): 71.448 × microwave (GHz)/magnetic field (mT).
CONCLUSIONS
ESR analysis could effectively characterize the irradiation status of fresh vegetables, where the AD technique provided better ESR results, particularly when the flesh part was used for the analysis of irradiated paprika and cucumber samples. Upon using hard parts of vegetables (seed or stem), FD treatment provided comparatively better results for improved detection. All samples provided the spectra associated with radiation-induced cellulose radicals showing two side peaks with g values of 2.023 and 1.986. The most promising results (intensity and clarity of radiation specific signals) were observed in 5 kGy-irradiated paprika (flesh) using the AD technique to reduce the sample moisture contents. Further investigations for the different parts of other vegetables using different drying pretreatment are required to effectively apply ESR-based irradiation detection of different fresh vegetables. 
Values with different letters for each irradiation dose group are significantly different (p < 0.05) according to Duncan's test. All readings were taken in triplicate (n = 3).
-: No signal; FD: freeze-drying; AD: alcoholic extraction, WAD: water-washing and alcoholic extraction. Values with different letters for each irradiation dose group are significantly different (p < 0.05) according to Duncan's test. All readings were taken in triplicate (n = 3).
FD: freeze-drying; AD: alcoholic extraction; WAD: water-washing and alcoholic extraction. 
